1. Catecholamine secretion from digitonin-treated chromaffin cells is stimulated directly by micromolar Ca 2+ in the medium. The permeabilized cells are leaky to proteins.
5. The data indicate that CaZ+-dependent secretion in the absence of TPA does not require a TPA-like effect of Ca z+ to activate protein kinase C. Protein kinase C activation by TPA probably enhances Ca2+-dependent secretion by modulating the normal Ca2+-dependent pathway or by activating another Ca2+-dependent pathway which functions in parallel to the normal pathway.
INTRODUCTION
I, like many others who had the good fortune of doing research in Julie Axelrod's laboratory, continue to be influenced by the quality and intensity of the experience many years later. During a postdoctoral fellowship in Julie's laboratory in the 1970s, I was introduced to the biochemistry and metabolism of catecholamines and developed an interest in neurotransmitter storage and secretion. These interests have become the main focus of my research.
Exocytosis of catecholamine from bovine adrenal medulla is normally triggered by a nicotinic receptor-induced influx of extracellular Ca 2÷ (Wilson and Kirshner, 1977; Kilpatrick et al., 1982; Holz et al., 1982) and a rise in cytosolic Ca 2÷ (Knight and Kesteven, 1983; Kao and Schneider, 1986) . Although exocytosis has been well described, little is known about its underlying mechanisms. To gain access to the cell interior and to control the intracellular milieu better, the chromaffin-cell plasma membrane has been permeabilized by dielectric breakdown (Knight and Baker, 1982) or by low concentrations of the detergents saponin (Brooks and Treml, 1983) and digitonin (Dunn and Holz, 1983; Wilson and Kirshner, 1983) , which interact with membrane cholesterol. In these preparations exocytosis of catecholamine can be directly stimulated by micromolar Ca 2÷ in the medium. Optimal secretion also requires Mg 2÷ and ATP.
Phorbol esters or diglycerides which activate protein kinase C enhance secretion from a number of cells including platelets (Kishimoto et al., 1980) , neutrophils (Kajikawa et al., 1983) , rat basophilic leukemia cells (SagitEisenberg et al., 1985) , and pancreatic islet cells (Zawalich et al., 1983) . In bovine chromaffin cells phorbol esters stimulate Ca2÷-dependent secretion from intact cells (Pocette et al., 1983) and from cells permeabilized by dielectric breakdown (Knight and Baker, 1983) or digitonin (Pocotte et al., 1983) . Protein kinase C activity is Ca 2÷ and phospholipid dependent and requires diglyceride for maximal activity (Kishimoto et al., 1980; Kikkawa et al., 1982; Wise et al., 1982) . Phorbol esters activate protein kinase C by substituting for diglyceride both in vitro and in situ (Castagna et al., 1982) . In chromaffin cells phorbol esters induce translocation of the enzyme from cytosol to membranes (TerBush and Holz, 1986) which is necessary for activation of the enzyme and induce an increase in phosphorylation of numerous proteins (Pocette et al., 1985; Lee and Holz, 1986) . Although activation of protein kinase C by phorbol esters or diglyceride modulates secretion, it is unknown whether protein kinase C plays a role in exocytosis in chromaffin cells in the absence of exogenous activators of the enzyme or whether the enzyme is required for secretion.
The ability of lactate dehydrogenase (Mr = 134,000) to exit from digitonin-treated cells (Dunn and Holz, 1983; Wilson and Kirshner, 1983) raises the possibility that extracellular proteins can gain access to the cell interior. In this paper we have investigated the effects of the proteolytic enzyme trypsin on secretion from digitonin-treated chromattin cells. We report that trypsin entry into digitonin-permeabilized cells inhibits secretion and have used trypsin to explore the role of protein kinase C in Ca2÷-dependent secretion.
MATERIALS AND METHODS
Primary dissociated cells from bovine adrenal medulla were prepared and maintained in monolayer cultures as previously described (Holz et al., 1982) . Cells were cultured as monolayers in 6.4 or 16-mm-diameter plastic culture wells (Coster, Cambridge, Mass) at a density of 500,000 or 250,000 cells/cm 2, respectively. In experiments in which protein kinase C was measured, chromaflin cells were purified by differential plating (Waymire et al., 1983) and then plated on collagen-coated plastic wells. Sterile calfskin collagen solution (Calbiochem, San Diego, Calif.), 100~l/cm 2 of 50#g/ml in 0.1% acetic acid, was applied to each well. The acetic acid was allowed to evaporate at room temperature. Secretion from purified and nonpurified chromaffin cells was virtually identical. Cellular catecholamine stores were labeled by incubation of intact cells with [3H]norepinephrine and secretion was determined by measuring the percentage of total cellular radioactivity released into the medium (Dunn and Holz, 1983) . Intact cells were incubated in physiological salt solution (PSS) 2 containing 145 mM NaC1, 5.6 mM KCI, 2.2 mM CaC12, 0.5 mM MgC12, 5.6 mM glucose, 15 mM HEPES (pH 7.4), and 0.5 mM ascorbate. Cells were rendered leaky with 20/~M digitonin in potassium glutamate solution (KGEP) containing 139 mM potassium glutamate, 20 mM PIPES (pH 6.6), 1 mM MgCl2, 1 mM MgATP, and 5 mM EGTA with various amounts of CaC12 to yield buffered Ca 2÷ concentrations of 0-10 ~M (Dunn and Holz, 1983) . In some experiments a sucrose solution was used (SEP) containing 250mM sucrose, 5mM EGTA, 20mM PIPES (ph 6.6), 1 mM MgC12, and 1 mM MgATP. All experiments were performed at 25°C.
Differential centrifugation of solutions after incubation with cells was performed to pellet detached cells and intact chromaffin granules released from cells. Incubation solutions were centrifuged at 800g x 10 min to pellet cells (P1 fraction) which had detached from the plate. The supernatant ($1) was centrifuged at 40,000g x 15 min. The resulting high-speed supernatant ($2) contained free [3H]NE. The pellet (P2) contained particulate [3H]NE that was most likely within intact chromaffin granules that had been released from the cells (Holz, 5/~g/ml leupreptin, 25 ~M fi-mercaptoethanol, 0.01% Triton X-100, 30/~M ATP (0.2-1.0/zCi/ml; [y-32p]ATP), 50/~g/ml histone, 0.5 mM EGTA + 0.8 mM CaC12 or 0.25 mM EGTA + 0.55 mM CaClz, +167 #g/ml phosphatidylserine +26.7/zg/ml 1,2-diolein. The reaction was stopped by the addition of 2ml of 5% TCA, 0.25% sodium tungstate, 15mM NaH2PO4, and 2mM ATP. BSA (0.1 ml of a 6.5-mg/ml solution) was added and the pellet was centrifuged at 2000g x5min. The pellets were resuspended in 0.1ml of 0.5MNaOH. The precipitation/resuspension procedure was repeated two more times with 5% TCA and 0.25% sodium tungstate without ATP or NaH2PO4. The radioactivity in resuspended pellets was determined. The assay, which was performed at 30°C, was linear with time (0-15min) and tissue amount (0.1-1/~g chromaffin-cell protein). The protein kinase activity was routinely measured for 10 min at 30°C. The kinase activity measured was usually greater than 90%Ca 2+-and phospholipid/diglyceride dependent. Protein kinase C activity was calculated as the difference between the activity in the presence of Ca 2÷ and phosphatidylserine/diglyceride and the activity in the presence of Ca 2÷ without phosphatidylserine/diglyceride (or in the absence of both Ca 2÷ and phosphatidylserine/diglyceride). The amounts of phorbol esters or Ca 2÷ in tissue samples carried over from cell incubations did not affect the protein kinase assay. Subcellular distributions of protein kinase C were performed on homogenates sonicated in the absence of Triton X-100. Aliquots (0.15 ml) were centrifuged at 49,000g in 1.5-ml Eppendoff centrifuge tubes for 15 min. The supernatants were removed (S) and the pellets (P) were resuspended in 0.15 ml of the homogenizing buffer which contained 0.1% Triton X-100. Triton X-100 was added to the supernatant fraction to yield a 0.1% concentration. Samples were diluted two-to fivefold with homogenizing buffer and the protein kinase C activity was measured as described above.
Data are expressed as the mean + SE unless otherwise indicated. Significance between groups was determined by Student's t test. Error bars smaller than symbols or lines are omitted from the figures.
Bovine pancreatic trypsin and soybean trypsin inhibitor were obtained from Boehringer-Mannheim Biochemicals (Indianapolis, Ind.), leupeptin from Calbiochem (San Diego, Calif.), chymotrypsin from Sigma (St. Louis, Mo.), and digitonin from Fluka Chemical Corp. 
RESULTS

Effects of Trypsin on the Integrity of Monolayer Cultures of Chromaffin
Cells. Monolayers of chromaffin cells with plasma membranes permeabilized by digitonin and then washed free of digitionin were incubated with trypsin (100 #g/ml) in sucrose medium for various times (Fig. 1) . The [3H]NE pelleted by low-speed centrifugation (P1) and by subsequent high-speed centrifugation (P2) of the incubation medium probably reflects cells detached from the plate and free chromaffin granules (Holz, 1980) , respectively. Trypsin caused a small increase in [3H]NE in Pa, which indicates that a small fraction of the cells detached from the plate. Trypsin also caused a somewhat larger percentage of counts (8%) to appear in P2, which suggests that trypsin released into the medium a small number of granules from within cells attached to the plate. The remaining radioactivity in the supernatant from the high-speed centrifugation which represents free [3H]NE was 4.3-6.5% of the total [3H]NE associated with the cells and was unchanged by trypsin. Thus, trypsin (100 #g/ml) caused only a small disruption of the monolayer cultures. In the following experiments with trypsin, free [3H]NE released into the medium was determined by measuring the amount of radioactivity in the supernatant from medium which had been centrifuged at high-speeds (40,000g x 10min) to pellet detached cells and intact chromaflin granules released from cells.
Effects of Trypsin and Chymotrypsin on Ca2+-Dependent Secretion from
Digitonin-Treated Cells. Trypsin, at concentrations less than 50/~g/ml, added in Ca -free KGEP with or without 15 #g/ml trypsin. Cells were then incubated in KGEP containing 5 mg/ml BSA in the presence of various concentrations of Ca 2÷, and secretion was measured after 15 min. Release in 0Ca, which was 2.8 5: 0.1% in cells not incubated in trypsin and 4.7 + 0.3% in cells incubated in trypsin, was subtracted from the appropriate groups. There were four wells per group. before digitonin treatment had little effect of Ca2+-dependent secretion in subsequently permeabilized cells (Fig. 2) . Trypsin added after digitonin treatment was much more potent in inhibiting secretion, with virtually complete inhibition at 30/~g/ml trypsin. The inhibition of secretion by trypsin added after permeabilization by digitonin was caused by proteolysis since it was completely blocked by 0.3-1.2 mg/ml soybean trypsin inhibitor (data not shown). In Fig. 2 permeabilized cells were incubated with trypsin prior to stimulation with Ca 2+. Soybean trypsin inhibitor (1.2mg/ml) present only during the subsequent incubation in the presence (or absence) of Ca 2÷ did not prevent the effects of prior incubation with trypsin (data not shown). Thus, effects of tryspin occurred before the introduction of Ca 2÷. To determine whether trypsin altered the Ca 2÷ sensitivity of the secretory process, the effects on secretion of various Ca 2+ concentrations were investigated in cells incubated with an intermediate concentration of trypsin (15/~g/ml; 3 Fig.  3 ). Increasing the Ca 2÷ concentration could not overcome the inhibition of secretion caused by trypsin.
Chymotrypsin also inhibited Ca2+-dependent secretion when added to digitonin-treated cells but had little effect on secretion when added prior to digitonin treatment (data not shown). The major difference between the effects of chymotrypsin and those of trypsin was that 3 to 10-fold higher chrymotrypsin concentrations were required to obtain effects similar to those of trypsin.
Effects of Trypsin on TPA-Induced Secretion from Digitonin-Treated Cells. Incubation of intact cells with phorbol esters enhances Ca2+-dependent secretion in subsequently digitonin-permeabilized cells (Pocotte et al., 1985) . Because protein kinase C is susceptible to proteolysis by trypsin (Inoue et at., 1977) , the effects of trypsin on TPA-induced secretion were investigated (Fig. 4) . Intact cells which have been incubated for 35 min in the presence or absence of TPA (100nM) were permeabilized and subsequently incubated with various concentrations of trypsin in the presence or absence of Ca 2+. Secretion was determined after 8min. The TPA-induced enhancement of Ca2+-dependent secretion was selectively inhibited by low concentrations of trypsin. This was demonstrated both in low Ca 2÷ (0.6/~M), in which the TPA-induced enhancement of secretion was most marked (Fig. 4A) , and in high Ca 2+ (10/~M), in which the TPA-induced enhancement of secretion was smaller but the Ca 2+-dependent secretion was greater (Fig. 4B) . At low trypsin concentrations (10/~g/ml or lower) only the increment in secretion induced by TPA was inhibited, with no inhibition of Ca2+-dependent secretion in the absence of TPA. At higher trypsin concentrations, secretion from TPA-treated cells declined only to the level approximating that from cells not incubated with TPA. As would be predicted by these results, the Ca 2÷ activation curve for secretion in the presence of TPA was shifted to the right by trypsin (10/~g/ml) and approximated the activation curve obtained in the absence of TPA with or without trypsin (Fig. 5.) These data identify the TPA-induced increment of Ca2÷-dependent secretion as a component distinct from caa+-dependent secretion in the absence of TPA.
Ca2+-dependent secretion in the absence of TPA was less sensitive to trypsin when trypsin was added together with Ca 2+ than when trypsin was added prior to Ca 2+ (compare Figs. 2 and 4B) . The difference may be explained by the greater time required for trypsin to enter the cells and interact with intracellular substrates than for Ca a+ to enter the cells and stimulate secretion.
It is unlikely that trypsin inhibited TPA-induced secretion by hydrolyzing TPA in the incubation medium. TPA-containing medium which was incubated for 5 rain at 25°C with 50/~g/mol trypsin and then added to intact chromaffin cells in the presence of soybean trypsin inhibitor (1.2 mg/ml) retained its full ability to stimulate Ca2+-dependent secretion from subsequently digitonin-treated cells (data not shown). 5 . Effects of trypsin and ~A on the Ca2+-activation curve for secretion. Chromaffin cells were incubated in PSS with or without TPA (100nM) for 35min and then incubated for 5 rain in Caa÷-free SEP containing 20/tM digitonin in the continuing presence or absence of TPA (100 nM). Cells were rapidly washed with SEP and then incubated in digitonin-free SEP with varying concentrations of Ca 2+ in the presence or absence of 10/tg/ml trypsin (Try) and in the continuing presence of absence of TPA (100 nM). The amount of [3H]norepinephrine released in 8 min was determined. There were four wells per group. cells with a tl/2 of 5-10min (TerBush and Holz, 1986; TerBush and Holz, unpublished observations) . The protein kinase C activity per well (500,000 cells) in Fig. 6 before permeabilization was 5.1 nmol 32p/10 rain. Cells untreated with TPA retained 1.1 nmol 32p/10min as soluble activity after a 5-min incubation with digitonin and a subsequent 8-min incubation without digitonin in the absence of Ca 2+. There was little membrane-bound protein kinase C activity. Ca a+ (10/~M) modestly increased soluble and membrane-bound protein kinase C activity. Treatment of cells with TPA (100 nM) before permeabilization resulted in a large increase in membrane-bound protein kinase C and a decrease in soluble protein kinase C as has been previously reported (TerBush and Holz, 1986) . Trypsin (10/tg/ml; hatched bars in Fig. 6 ) had no effect on soluble and membrane-bound protein kinase C activities in cells without TPA and Ca 2÷. It reduced the CaZ+-induced increment of soluble protein kinase C activity but had little effect on membrane-bound activity in the absence of TPA. Trypsin had its most profound effects on protein kinase C activity in cells incubated with TPA. In TPA-treated cells, trypsin reduced membrane-bound protein kinase C activity by 75-80% and soluble protein kinase C activity by at least 60%.
The Effects of Trypsin and TPA on Protein
.,-t (100nM) . Cells were rapidly washed with SEP and subsequently incubated in digitonin-free SEP in the continuing presence or absence of TPA (100 nM) with or without Ca 2+ (10/*M) or trypsin (10/*g/ml). After 8 rain soluble (S) and membranebound (P) protein kinase C activities in the cells were measured. Protein kinase C activity was calculated as the difference in protein kinase activities in the presence of both Ca 2+ and phospholipid/diglyceride and in their absence. Data are expressed as activity per well. Total protein kinase C activity before permeabilization was 5.1 nmol 32PO 4 transferred/10/min/well. There were four wells per group. (a) P <0.01 vs no trypsin; (b) P < 0.001 vs no trypsin. Fig. 6 were assayed in the absence of both Ca 2+ and phospholipid/diglyceride. Cells were incubated for 35 min with or without TPA (100/~M) prior to permeabilization with digitonin. After permeabilization, cells were incubated with or without Ca 2÷ (10/~M) or trypsin (10/zg/ml) in the continuing presence or absence of TPA. There were four wells per group. * P < 0.01 vs -trypsin. ** P < 0.001 vs -trypsin.
Trypsin increased Ca z+-and phospholipid/diglyceride-independent protein kinase C activity in the soluble fraction from digitonin-permeabilized cells (Table  I ). The increment in activity probably reflects the proteolysis of protein kinase C to protein kinase M, which has Ca 2+-and phospholipid/diglyceride-independent kinase activity (Inoue et al., 1977) . The trypsin-induced increment of Ca 2+-and phospholipid/diglyceride-independent protein kinase activity was largest in cells which had been incubated with TPA. There was no increase in Ca 2+-and phospholipid/diglyceride-independent protein kinase C activity in the particulate fractions (data not shown).
D I S C U S S I O N
An Intracellular, Trypsin-Sensitive Protein Is Involved in Catecholamine Secretion. The protein permeability of plasma membranes of dig±ton±n-treated cells should allow the introduction of exogenous protein into the cell interior. In this study we demonstrate that trypsin (30-50/~g/ml) added to cells after digitonin treatment completely inhibited subsequent CaZ+-dependent secretion. The same concentrations of trypsin did not inhibit secretion from permeabilized cells if trypsin was present only prior to cell permeabilization. The inhibition could not be overcome by increasing the Ca 2+ concentration. These data indicate (1) that trypsin (27 kDa) can enter dig±ton±n-treated chromaffin cells capable of undergoing secretion, (2) that an intracellular trypsin-sensitive protein is involved in secretion, and (3) that proteolysis of the trypsin-sensitive protein reduces the maximal response but not the Ca 2+ sensitivity of the secretory process. Chymotrypsin also inhibited Ca2+-dependent secretion with one-third to onetenth the potency of trypsin.
The Role of Protein Kinase C in Secretion in Chromaffin Cells. Phorbol esters and diglyceride which activate protein kinase C increase secretion from intact chromaffin cells in the absence of other secretagogues, potentiate secretion induced by Ba z+ alone (Pocotte et al., 1985) or by Ca 2÷ ionophores in the presence of Ca 2÷ (Pocotte et al., 1985; Brocklehurst et al., 1985) , and enhance Ca2+-dependent secretion from permeabilized cells (Pocotte et al., 1985; Knight and Baker, 1983) . Although activation of protein kinase C can enhance secretion, it is unknown whether activation of protein kinase C is required for secretion. If secretion involves protein kinase C in both the absence and the presence of exogenous protein kinase C activators, then in permeabilized cells the same concentrations of trypsin should inhibit Ca2+-dependent secretion in both the absence and the presence of TPA. However, low concentrations of trypsin specifically inhibited the TPA-induced enhancement of Ca2÷-dependent secretion. Ca2+-dependent secretion was reduced to the level observed in cells not incubated with TPA. Furthermore, only 2% of the total protein kinase C translocated to membranes in TPA-untreated cells which were permeabilized and subsequently stimulated with 10/~M Ca 2÷ (see Fig. 6 ). 4 The results, therefore, indicate that CaZ+-induced secretion in permeabilized cells in the absence of phorbol ester does not require a TPA-like effect of Ca 2÷ to activate protein kinase C.
Because the loss of the TPA-induced increment of Ca2+-dependent secretion was accompanied by a loss of the TPA-induced increment of membrane-bound protein kinase C, trypsin may have inhibited the effects of TPA on secretion by causing the proteolysis of activated protein kinase C. A phospholipid-and Ca2+-independent protein kinase (protein kinase M) is generated from protein kinase C by trypsin (Table I) (Inoue et al., 1977) . Because it is not membrane bound and has altered interaction with substrate (Mochly-Rosen and Koshland, 1987), it may not be able to induce the same responses as protein kinase C. It is also possible that the unknown substrate of protein kinase C which modulates secretion is degraded by trypsin.
The data suggest that protein kinase C is not required for Ca2÷-dependent secretion. Instead, protein kinase C may modulate the normal Ca2÷-dependent pathway or activate another Ca2÷-dependent pathway which functions in parallel with the normal pathway. Protein kinase C probably plays a modulatory role in secretion in intact chromaffin cells. Both nicotinic stimulation and depolarization with elevated K ÷ cause Ca2÷-dependent secretion and simultaneous, Ca2~ -dependent translocation of 5-10% of the total protein kinase C to the membrane (TerBush and Holz, 1986; TerBush and Holz, manuscript in preparation) . The relatively large translocation of protein kinase C indicates that activation of the enzyme is likely to enhance secretion induced by these secretagogues.
Comparison with Other Work. While this work was in progress, Jackson et al. (1985) reported that mild proteolysis with trypsin of the cell surface complex ~' prepared from sea urchin eggs inhibited Ca2+-dependent exocytosis of the 4Greater than 10% of the total protein kinase C translocated to membranes when cells were permeabilized with digitonin in the presence of 10/~M Ca z+ (TerBush and Holz, 1986) . It was not possible to perform experiments with trypsin added simultaneously with digitonin because the cells detached from the plate.
attached cortical secretory vesicles. The inhibition, in contrast to the inhibition in chromaffin cells, could be overcome by increasing the Ca 2÷ concentration. Thus, mild trypsin treatment altered secretion in different ways in the two systems.
